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1.  INTRODUCTION 


The  study  of  kinetic  energy  penetrator  materials  has  generally  been  related  to  penetration 
depth  into  standard  armor  configurations  and  general  "macro"  views  of  penetrator  target 
interactions.  This  approach  has  not  led  to  a  complete  understanding  of  the  mechanisms 
responsible  for  penetration  performance  of  various  kinetic  energy  penetrator  materials. 

Recent  studies  (Gerlach  1986;  Magness1990;  Bruchey,  Horwath,  and  Kingman  1991;  and 
Stephens  1 968)  have  shown  that  the  penetrator  is  consumed  by  back-extruding  from  the 
penetrator/target  interface,  while  the  interface  moves  forward  into  the  target.  The  penetrator 
material  properties  (i.e.,  density,  mechanical  properties,  crystallography,  etc.)  have  been 
shown  to  be  very  important  materials  parameters  affecting  ballistic  performance. 

The  work  presented  in  this  report  is  a  continuation  of  studies  which  were  initiated  by 
Bruchey,  Horwath,  and  Kingman  (1990,  1991),  who  were  able  to  show  significant  differences 
in  the  high  strain  rate  deformation  behavior  of  tungsten  single  crystal  penetrators  having 
orientations  of  [100],  [lid],  and  [111]  when  fired  into  rolled  homogeneous  armor  (RHA). 

The  dislocation  generation  and  interaction  phenomena  which  allowed  unique  ballistic 
performance  of  each  [100]-oriented,  [110]-oriented,  and  [111]-oriented  single-crystal  rod  are 
analyzed. 

2.  METHODS 

A  previous  paper  (Bruchey,  Horwath,  and  Kingman  1990)  presented  initial  light  microscopy 
and  macro  SEM  photos  of  the  residual  rod/target  interface.  This  paper  summarizes  the 
results  of  an  additional  technique,  Transmission  Electron  Microscopy  (TEM).  This  technique 
allowed  investigation  of  mechanisms  responsible  for  ballistic  behavior  of  each  specific 
[1 1 0]-oriented,  [111]-oriented,  and  [1 00]-oriented  tungsten  single-crystal  penetrator. 

2.1  Transmission  Electron  Microscopy.  TEM  was  used  to  characterize  the  mechanism  of 
deformation.  The  defects  responsible  for  deformation,  which  consisted  of  dislocations,  were 
characterized  for  their  Burgers  vector,  b,  line  direction,  u,  and  their  habit  planes,  R.  The 
dislocations'  habit  plane  contains  both  b  and  u.  The  normal  to  this  habit  plane  is  given  by 
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R  =  b  x  u.  These  parameters  are  necessary  for  the  full  characterization  of  edge  and  mixed 
(screw  +  edge  components)  dislocations.  Screw  dislocations  which  do  not  lie  on  habit  planes 
have  b  =  u.  The  characterization  technique  involved  viewing  the  dislocations  under  many  two- 
beam  electron  diffraction  conditions. 

The  Burgers  vector  of  a  dislocation  was  determined  by  the  g.b  =  0  condition  (i.e.,  zero 
contrast  condition,  where  g  is  the  electron  diffraction  vector)  as  well  as  by  the  contrast  shown 
by  the  dislocations  when  g.  b  =  1,  2,  or  more. 

Determining  the  dislocation  line  direction  involved  viewing  the  dislocation  in  more  than  one 
projection  so  the  true  direction  couid  be  extracted  from  the  projected  directions.  A  stereogram 
technique  was  often  used  to  determine  u.  The  technique  can  be  summarized  as  follows.  In 
the  case  of  a  projected  line  direction  [h,  k,  I]  of  a  direction  viewed  in  a  direction  B,  all  that  can 
be  said  is  that  the  true  line  direction  lies  in  a  plane  defined  by  [h,  k,  I]  and  B1.  Micrographs 
taken  in  any  other  beam  direction  B2  result  in  a  second  projected  direction  [h2,  k2, 12]  and 
hence  a  plane  defined  by  [h2,  k2, 12]  and  B2.  The  intersection  of  these  two  planes  (i.e.,  the 
zone  axis)  defines  the  true  line  direction  of  the  dislocation  given  by  u.  When  transferring  the 
projected  plane  onto  the  stereogram,  care  must  be  taken  to  rotate  the  plane  in  the  correct 
direction  with  respect  to  the  diffraction  vector  and  other  directions  on  the  stereogram.  If  the 
dislocation  is  bent  or  winding  through  the  crystal,  the  line  direction  is  often  taken  as  a  line 
which  joins  the  beginning  and  end  of  the  dislocation,  or  a  general  sense  of  direction  is  used. 

It  should  be  mentioned  that  dislocations  can  only  end  at  a  free  surface  or  another  dislocation. 
The  short  segments  of  dislocations  seen  in  the  TEM  are  dislocations  which  are  passing 
through  the  thin  foil  and  intersecting  both  the  top  and  bottom  surfaces.  For  this  reason,  the 
true  line  direction  of  a  dislocation  could  sometimes  be  determined  by  lining  it  up  to  produce  a 
point  rather  than  a  line  (i.e.,  the  dislocation  runs  parallel  to  the  beam  direction). 

When  analyzing  a  region  of  a  TEM  specimen,  an  arbitrary  crystal  orientation  is  taken  as  a 
reference  point,  and  any  rotations  are  taken  with  respect  to  this  point.  It  should  be  noted  that 
it  is  difficult  to  know  the  exact  crystallographic  orientation  of  the  TEM  specimen  with  respect  to 
the  penetrator  axis  as  the  TEM  specimen  is  small  and  is  easily  rotated  and  flipped  over. 

Thus,  the  crystallographic  relationships  between  penetrator  orientation  and  TEM  specimen 
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orientation  must  be  inferred  from  the  results  and  not  directly  from  the  crystallographic 
orientation  of  the  TEM  results. 

2.2  Specimen  Preparation.  TEM  specimens  were  prepared  by  slow  speed  diamond  or 
graphite  cutting  of  thin  wafers  (-0.5  mm)  from  the  bulk  W  material.  The  wafers  had 
3-mm-diameter  disks  cut  from  them  using  a  spark  machine.  The  disks  were  lapped  on  SiC 
papers  to  a  thickness  of  50-1 00  pm  using  a  parallel-sided  grinding  jig  and  grit  size  of  240  to 
1 ,200.  Final  thinning  involved  electrochemical  jet  polishing  in  an  aqueous  2%  NaOH  solution 
at  40  V  until  a  hole  perforated  through  the  specimen,  which  produced  electron  transparent 
regions  around  the  hole.  Stephens  (1968)  had  good  success  with  making  TEM  W  specimens 
using  a  similar  method  which  involved  electrochemical  etching  in  a  still  bath  of  aqueous  NaOH 
after  first  electrochemical  jet  etching  to  produce  dimples  in  the  specimens’  surface. 

Care  was  taken  to  cut  the  TEM  specimen  from  specific  regions  of  the  penetrator  and  then 
to  keep  track  of  these  specimens  (with  respect  to  their  location)  through  the  process  of 
making  TEM  thin  foils.  However,  the  [1 1 0]-oriented  specimens  cracked  upon  spark-machine 
cutting  so  their  location  with  respect  to  the  penetrator  was  lost. 

3.  RESULTS 

In  the  three  types  of  penetrators  (i.e.,  the  single  crystals  of  [100],  [110],  and  [111]),  certain 
microstructures  were  seen  which  could  be  generalized  as  follows.  Dislocations  were  found 
with  Burgers  vectors  of  1/2  <111  >.  No  other  type  of  defect  which  could  produce  deformation 
was  found.  The  dislocations  polyganized  the  crystal  by  forming  grain  boundaries. 
Recrystallization  of  the  grains  removed  the  dense  dislocation  networks  and  was  seen  in 
material  which  was  on  the  order  of  hundreds  of  micrometers  from  regions  which  appeared  to 
have  been  freshly  deformed. 

General  views  of  the  process  by  which  the  single-crystal  penetrators  are  polygonized  are 
shown  in  Figures  la-id,  which  were  located  at  the  penetrator/RHA  interface  of  a  [100]- 
oriented  penetrator.  The  dislocations  thread  their  way  through  the  crystal  and  form  dense 
arrays  which  are  the  basis  for  subgrain  formation  (Figure  la).  Well-defined  grain  boundaries 
have  begun  to  form  in  Figure  1b,  and  eventually  elongated  grains  form  which  have  a  high 
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Figure  1 .  Deformation  of  the  MOOT  Penetrator  bv  a  Disorderly  Arrangement  of  Dislocations 
Which  Have  Burgers  Vectors  of  1/2<1 1 1>  Showing  a)  the  Initial  Stages  of 
Subarain  Formation,  b)  the  Initial  Formation  of  Well-Defined  Individual  Grains. 
c)  the  Elongation  of  Grains,  and  d)  the  Formation  of  Well-Defined  Elongated 


density  of  dislocations  within  themselves  (Figures  1c  and  Id).  Even  though  the  deformation 
process  followed  this  general  pattern,  the  dislocation  networks  at  the  subgrain  boundaries 
(and  thus  grain  boundaries)  were  significantly  different  for  each  orientation,  which  was 
indicative  of  their  different  dislocation  generation  mechanisms. 

General  views  of  recrystallized  regions  are  shown  in  Figures  2a-2d,  which  show  grains  of 
random  orientation,  well-defined  grain  boundaries,  and  a  low  dislocation  network  within  the 
grains. 

Results  of  the  analysis  of  the  deformation  mechanism  for  the  specific  penetrator 
orientations  are  presented  below,  where  a  complete  analysis  of  the  dislocations  are 
presented. 

3.1  [1001-Qriented  Penetrator.  A  complete  analysis  of  a  dislocation  network,  which  was 
taken  from  a  region  close  to  that  region  shown  in  Figure  la,  is  presented  in  Figures  3a-3j. 
Four  types  of  dislocations  which  have  been  labelled  A,  B,  C,  and  D  dominate  the 
microstructure.  The  dislocations  labelled  A  and  C  tend  to  be  somewhat  straight,  and  those  of 
B  and  D  are  wavey.  All  together  they  form  a  tangled,  dense  dislocation  array.  These 
dislocations  are  in  and  out  of  contrast  for  many  diffraction  vectors,  and  a  summary  is  listed  in 
Table  1.  The  dislocations  which  are  labelled  A,  B,  C,  and  D  have  a  b  =  1/2  [iTl],  1/2  [111], 
1/2  [Til],  and  1/2  [11T],  respectively.  The  projected  line  directions  of  the  dislocations  labelled 
A,  B,  C,  and  D  with  respect  to  the  diffraction  vectors  are  listed  in  Table  2.  The  projected 
planes  are  plotted  on  the  stereograms  of  Figures  4a-4d.  The  intersection  of  the  projected 
planes,  which  give  the  true  line  direction  u,  can  be  seen  to  be  very  close  to  the  direction  of  b 
and  often  occurred  at  one  of  the  nearest  <1 12>  or  <01 2>  zone  axis  to  b.  Those  dislocations 
which  have  u  close  to  <1 1 2>  reside  on  {110}  habit  planes,  and  those  dislocations  which  have 
u  close  to  <01 2>  reside  on  {112}  habit  planes.  Thus,  the  dislocations  labelled  A,  B,  C,  and  D 
are  either  pure  screw  dislocations  or  mixed  dislocations  with  a  large  screw  component. 

3.2  fl  1 0l-Oriented  Penetrator.  General  views  of  the  deformation  microstructure  of  a  [1 10] 
penetrator  (Figures  5a-5d)  show  elongated  grains  with  a  high  density  of  dislocations,  similar 
to  that  shown  in  Figure  1  for  a  [1 00]  penetrator,  except  some  regions  appear  to  have  small 
recrystallized  grains  (Figure  5d).  A  complete  analysis  of  a  dislocation  network,  which  was 
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Figure  2.  Recrvstallized  Regions  Which  Show  Well-Defined  Grains  of  Different  Orientation 
(Large  Variation  in  Liqht/Dark  Contrast).  With  Little  or  No  Dislocations  Within  the 
Grains. 
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Figure  3.  The  Analysis  of  a  Dislocation  Network  of  a  Region  Close  to  That  Shown  in 


Figure  la  From  a  flOOl  Penetrator  Showing  Many  Two-Beam  Electron 


Diffraction  Conditions  Which  Put  the  Dislocations,  Which  Are  Labelled  A.  B,  C. 


and  D.  In  or  Out  of  Contrast.  For  Illustration  the  Micrographs  of  a)  and  c),  as 


Well  as.  b)  and  d)  Show  +o  Diffraction  Vectors.  In  Addition,  the  Micrographs  of 


d)  and  f)  Show  How  the  Contrast  of  the  Dislocations  Change  With  the  Deviation 


From  the  Exact  Bragg  Diffraction  With  f)  Being  Closer  to  the  Exact  Bra 


Condition.  Please  See  the  Text,  Figure  4,  Table  1  and  Table  2  for  Further 


Information. 


Figure  3.  The  Analysis  of  a  Dislocation  Network  of  a  Region  Close  to  That  Shown  in 
Figure  la  From  a  PI 001  Penetrator  Showing  Many  Two-Beam  Electron 
Diffraction  Conditions  Which  Put  the  Dislocations.  Which  Are  Labelled  A.  B.  C. 
and  D.  In  or  Out  of  Contrast.  For  Illustration  the  Micrographs  of  a)  and  c).  as 
Well  as.  b)  and  d)  Show  +o  Diffraction  Vectors.  In  Addition,  the  Micrographs  of 
d)  and  f)  Show  How  the  Contrast  of  the  Dislocations  Change  With  the  Deviation 
From  the  Exact  Bragg  Diffraction  With  f)  Being  Closer  to  the  Exact  Braoo 
Condition.  Please  See  the  Text.  Figure  4.  Table  1  and  Table  2  for  Further 
Information  (Continued). 
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Table  1.  Analysis  of  Dislocation  Contrast  for  Various  Diffraction  Vectors 
[100]  Orientation,  Specimen  A1,  Box  1,  Film  980-1018 


±g,  Diffraction  Vector 
[Zone  Axis] 

Dislocation  Segments 
+  in  contrast,  -  out  of  contrast 
?  unsure  of  contrast 

A 

B 

C 

D 

020  [001] 

+ 

+ 

+ 

+ 

110  [113] 

+ 

- 

+ 

- 

121  [012] 

+ 

+ 

- 

+ 

200  [012] 

+ 

+ 

+ 

+ 

121  [113] 

+ 

- 

+ 

+ 

110  [113] 

- 

+ 

- 

+ 

020  [001] 

+ 

+ 

+ 

+ 

121  [012] 

- 

+ 

+ 

+ 

121  [012] 

+ 

+ 

+ 

- 

121  [135] 

- 

+ 

+ 

+ 

121  [315] 

+ 

- 

+ 

+ 

020  [001] 

+ 

+ 

+ 

+ 

211  [102] 

+ 

+ 

+ 

- 

2xB 

<111> 

<111> 

<111> 

<1 1 1  > 

Table  2.  Projected  Line  Direction  for  Various  Dislocations  With  Respect  to  Diffraction  Vectors 
[100]  Orientation,  Specimen  A1,  Box  1,  Film  980-1018 


±g,  Diffraction  Vector 
[Zone  Axis] 

Dislocation  Segments 

Angle  of  Rotation  (°) 
cw  clockwise 
ccw  conterclockwise 

A 

B 

C 

D 

020  [001] 

— 

— 

52  ccw 

— 

110  [113] 

- 

- 

23  ccw 

- 

121  [012] 

73  cw 

20  cw 

- 

- 

200  [012] 

60  cw 

42  cw 

- 

55  ccw 

121  [113] 

- 

- 

- 

- 

110  [113] 

- 

- 

- 

20  ccw 

020  [001] 

- 

- 

- 

- 

121  [012] 

- 

- 

- 

- 

121  [012] 

— 

72  cw 

5  ccw 

- 

121  [135] 

- 

10  cw 

- 

- 

121  [315] 

- 

- 

- 

45  cw 

020  [001] 

- 

- 

- 

- 

211  [102] 

53  ccw 

— 

— 

— 

9 


no  L M3 


ection  S 


Projected  Planes  at  the  IlTllZone  Axis.  Which  Were  Taken  From  the 


Projected  Line  Directions  at  Their  Respective  Beam  Directions  of  the 


Dislocations  Which  Are  Labelled  A  in  Fiaure  3.  These  Dislocations  Have  a 


Burners  Vector  of  1/2  Mill  and  Have  a  Line  Direction  of  Mill  and  Thus  Are 


Pure  Screw  Dislocations. 


Planes  Between  the  10121  and  the  H 1 11  Zone  Axis.  Which  Were  Taken  From 
the  Projected  Line  Directions  at  Their  Respective  Beam  Directions  of  the 
Dislocations  Which  Are  Labelled  B  in  Figure  3.  These  Dislocations  Have  a 
Burgers  Vector  of  1/2  H 1 11  and  Have  a  Line  Direction  Between  [1111  and  f0121 
Which  Makes  Them  Pure  Screw  Dislocations  or  They  Have  a  Large  Screw 
Component  and  Lie  on  the  (121). 
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a® 


ection  S 


Projected  Planes  Around  the  Ml  11  Zone  Axis.  Which  Were  Taken  From  the 


Projected  Line  Directions  at  Their  Respective  Beam  Directions  of  the 


Dislocations  Which  Are  Labelled  C  in  Fiaure  3.  These  Dislocations  Have  a 


Burners  Vector  of  1/2  mil  and  Have  a  Line  Direction  of  fT1 21  and  Thus  Lie 


on  the  (110 


Projected  Planes  Between  the  [TT21.  M021,  and  the  fTTll  Zone  Axis,  Which 


Were  Taken  From  the  Proiected  Line  Directions  at  Their  Respective  Beam 


Directions  of  the  Dislocations  Which  Are  Labelled  D  in  Figure  3.  These 


Dislocations  Had  a  Burgers  Vector  of  1/2  fTTll  and  Thus  Have  a  Large  Screw 


Component. 


Figure  5. 


i 


The  General  Microstructure  of  the  Deformed  Ml 01  Penetrator  Showing  a)  to  c) 
Heavily  Dislocated.  Well-Defined.  Elongated  Grains  and  d)  Some 
Recrvstallization  Which  Has  Produced  Small  Grains  of  Low  Dislocation  Density 
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taken  from  a  region  close  to  those  regions  shown  in  Figure  5,  is  presented  in  Figures  6a-6j. 
Three  similar  types  of  dislocations,  which  have  been  labelled  A,  B,  and  C,  dominate  the 
microstructure.  These  dislocations  are  in  and  out  of  contrast  for  many  diffraction  vectors,  and 
a  summary  is  listed  in  Table  3.  The  dislocations  which  are  labelled  A  are  out  of  contrast  for 
the  diffraction  vectors  of  2Tl  g  [01 1],  TlO  g  [1 1 1],  and  T21  g  [101]  and  thus  have  b  =  1/2 
[111].  The  dislocations  which  are  labelled  B  are  out  of  contrast  for  21 T  g  [135],  10T  g  [131], 
and  lOTg  [101]  and  thus  have  b  =  1/2  [iTl],  The  dislocations  which  are  labelled  C  are  out  of 
contrast  for  112  g  [021],  OlT g  [011],  10T g  [131],  TlOg  [111],  and  10T g  [101]  and  thus  have 
b  =  1/2  [1 1 1].  The  projected  line  directions  of  the  dislocations  labelled  A  and  B,  with  respect 
to  the  diffraction  vectors,  are  labelled  in  Table  4.  The  projected  planes  are  plotted  on  the 
stereograms  of  Figures  7a-7b.  It  can  be  seen  that  the  intersection  of  the  projected  planes 
produces  u  =  [111]  for  the  dislocations  labelled  A  and  u  =  [iTl]  for  the  dislocations  labelled  B. 
Thus  these  segments  of  dislocations  A  and  B,  which  are  very  straight,  are  pure  screw 
dislocations.  However,  these  dislocations  should  be  analyzed  further.  The  OTl  g  [311]  (i.e., 
Figure  6c)  shows  clearly  that  the  dislocations  labelled  A  and  B  have  segments  which  are 
perpendicular  to  the  dislocations  overall  length.  The  arrowed  segments  of  the  dislocations 
labelled  A  have  u  ~[131],  which  is  also  close  to  the  [221] — see  how  they  disappear  for  Toi  g 
[131],  Figure  6i  (i.e.,  they  are  in  the  [131]  electron  beam  direction)— which  makes  them  pure 
edge  dislocations  lying  on  the  (211)  or  (1T0)  slip  planes.  The  segments  of  the  dislocations 
labelled  B  have  u  ~(31 1)  (see  how  they  disappear  for  21 T  g  [01 1],  Figure  6  g),  which  makes 
them  pure  edge  dislocations  lying  on  the  (2lT),  which  is  not  far  from  the  (2l1)  and  (110)  slip 
planes  of  the  dislocations  labelled  A.  The  habit  planes  for  the  dislocations  labelled  C  were 
difficult  to  determine  as  their  line  directions  were  hard  to  follow. 

3.3  Hill-Oriented  Penetrator.  General  views  of  the  deformation  microstructure  of  a  [1 1 1] 
penetrator  (Figures  8a-8d)  show  subgrain  boundaries  with  a  high  density,  orderly  array  of 
dislocations.  A  complete  analysis  of  a  dislocation  network,  which  was  taken  from  a  region 
close  to  that  shown  in  Figure  8,  is  presented  in  Figures  9a-9f.  Three  types  of  dislocations 
which  have  been  labelled  A,  B,  and  C  dominate  the  microstructure.  The  dislocations  labelled 
A  are  on  both  sides  of  the  subgrain  boundary.  These  dislocations  are  in  and  out  of  contrast 
for  many  diffraction  vectors,  and  a  summary  is  listed  in  Table  5.  The  dislocations  which  are 
labelled  A,  B,  and  C  have  a  b  =  1/2  [1 1 T],  1/2  [1 1 1],  and  1/2  [111],  respectively.  The 
projected  line  directions  of  the  dislocations  labelled  A  and  B,  with  respect  to  the  diffraction 
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Have  Edae  Character  (Labelled  bv  Arrows).  Please  See  the  Text  and  Table  3 


Figure  6.  The  Analysis  of  a  Dislocation  Network  of  a  Region  Close  to  Those  Shown  in 


Fiaure  5  From  a  Ml 01  Penetrator  Showina  Many  Two-Beam  Electron  Diffraction 


Conditions  Which  Put  the  Dislocations.  Which  Are  Labelled  A.  B.  and  C.  In  or 


Out  of  Contrast.  Note  That  c)  Clearly  Shows  Seaments  of  Dislocation  Which 


Have  Edae  Character  (Labelled  bv  Arrows).  Please  See  the  Text  and  Table  3 


and  Table  4  for  Further  Information  (Continued 


Table  3.  Analysis  of  Dislocation  Contrast  for  Various  Diffraction  Vectors 
[110]  Orientation,  Specimen  A1,  Box  2,  Film  1057-1102 


±g,  Diffraction  Vector 
[Zone  Axis] 

Dislocation  Segments 
+  in  contrast,  -  out  of  contrast 
?  unsure  of  contrast 

A 

B 

C 

112  [021] 

+ 

+ 

- 

112  [021] 

+ 

+ 

+ 

211  [011] 

- 

+ 

+ 

011  [011] 

+ 

+ 

- 

211  [135] 

+ 

- 

+ 

121  [012] 

+ 

+ 

? 

101  [131] 

+ 

- 

- 

1 10  [111] 

- 

+ 

- 

211  [111] 

+ 

+ 

+ 

011  [311] 

+ 

+ 

- 

112  [311] 

? 

? 

+ 

101  [101] 

+ 

- 

- 

121  [101] 

- 

+ 

+ 

2xB 

<1 1 1> 

<1 1 1> 

<1 1 1> 

Table  4.  Projected  Line  Direction  for  Various  Dislocations  With  Respect  to  Diffraction  Vectors 
[110]  Orientation,  Specimen  A1,  Box  2,  Film  1057-1102 


±g,  Diffraction  Vector 
[Zone  Axis] 

Dislocation  Segments 

Angle  of  Rotation  (°) 
cw  clockwise 
ccw  conterclockwise 

A 

B 

112  [021] 

20  cw 

63  ccw 

112  [021] 

72  cw 

12  ccw 

211  [011] 

- 

24  cw 

011  [011] 

48  cw 

31  ccw 

211  [135] 

11  ccw 

— 

121  [012] 

- 

- 

101  [131] 

0 

- 

110  [111] 

- 

29  cw 

211  [111] 

52  ccw 

58  cw 

011  [311] 

36  cw 

20  ccw 

112  [311] 

41  ccw 

- 

101  [101] 

15  ccw 

- 

121  [101] 

— 

— 
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Figure  9.  The  Analysis  of  a  Dislocation  Network  From  a  fllll  Penetrator  Showino  Man 


Two-Beam  Electron  Diffraction  Conditions  Which  Put  the  Dislocations,  Which 


Are  Labelled  A.  B.  and  C.  In  or  Out  of  Contrast.  A  Two-Beam  Electron 


Diffraction  Pattern  Is  Shown  in  f).  Please  See  the  Text  and  Table  5  and  Table  6 


for  Further  Information. 
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Table  5.  Analysis  of  Dislocation  Contrast  for  Various  Diffraction  Vectors 
[111]  Orientation,  Specimen  K1,  Box  1,  Film  452-463 


±g,  Diffraction  Vector 
a  [Zone  Axis] 

Dislocation  Segments 
+  in  contrast,  -  out  of  contrast 
?  unsure  of  contrast 

A 

B 

C 

101  [Til] 

- 

+ 

+ 

011  [111] 

+ 

- 

+ 

200  [012] 

+ 

+ 

+ 

110  [331] 

+ 

+ 

- 

2xB 

<1 1 1> 

<1 1 1> 

<111> 

vectors,  are  listed  in  Table  6.  The  projected  planes  are  plotted  on  the  stereograms  of 
Figures  1 0a-1  Ob.  The  intersection  of  the  projected  planes  can  be  seen  to  be  very  close  to 
the  direction  of  b.  Thus,  the  dislocations  labelled  A  and  B  are  either  pure  screw  dislocations 
or  mixed  dislocations  with  a  large  screw  component. 


Table  6.  Projected  Line  Direction  for  Various  Dislocations  With  Respect  to  Diffraction  Vectors 
[111]  Orientation,  Specimen  K1,  Box  1,  Film  452-463 


±g,  Diffraction  Vector 
[Zone  Axis] 

Dislocation  Segments 

Angle  of  Rotation  (°) 
cw  clockwise 
ccw  conterclockwise 

A 

B 

101  [Til] 

_ 

53  ccw 

011  [111] 

63  ccw 

— 

200  [012] 

90  cw 

65  cw 

110  [331] 

60  ccw 

50  cw 

4.  DISCUSSION 


A  significant  amount  of  research  has  been  performed  on  the  deformation  behavior  of  V7 
single  crystals.  Rose,  Ferriss,  and  Wulff  (1962)  looked  at  the  effect  of  orientation  on  the 
stresses  for  yielding  and  plastic  flow  and  showed  that  the  [1 00]  and  [111]  orientations  work 
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Figure  1 0a.  Stereograms  of  the  Mill  Projection  Showing  the  Intersection  of  Three 


Projected  Planes  Close  to  the  M 111  Zone  Axis.  Which  Were  Taken  From  the 
Projected  Line  Directions  at  Their  Respective  Beam  Directions  of  the 
Dislocations  Which  Are  Labelled  A  in  Figure  9.  These  Dislocations  Had  a 
Burgers  Vector  of  1/2  Hill  and  Thus  Have  a  Large  Screw  Component. 


Figure  1 0b.  Stereograms  of  the  fl  1 11  Projection  Showing  the  Intersection  of  Three 


Projected  Planes  Close  to  the  fl  1T1  Zone  Axis.  Which  Were  Taken  From  the 


Proiected  Line  Directions  at  Their  ResDective  Beam  Directions  of  the 


Dislocations  Which  Are  Labelled  B  in  Figure  9.  These  Dislocations  Had  a 


Burgers  Vector  of  1/2  f  1 1 T1  and  Thus  Have  a  Large  Screw  Component. 


hardened  whereas  the  [1 10]  orientation  did  not.  They  also  gave  plausible  interpretations  as  to 
the  differences  in  yielding  behavior.  Taylor  (1965)  looked  at  the  slip  systems  operable  as  a 
function  of  temperature  and,  not  surprisingly,  found  that  all  expected  slip  systems  were 
operable  at  temperatures  >1,370°  C  with  slip  in  the  <11 1>  directions  being  dominant  (i.e., 
screw  dislocations)  at  high  deformations  (>38%). 

4.1  Analysis  of  Dislocations  at  Suborain  Boundaries.  A  significant  difference  between  the 
three  types  of  penetrators  (i.e.,  the  single  crystals  of  [100],  [110],  and  [1 '  1])  was  the 
morphology  of  the  dislocation  networks  which  formed  the  subgrain  boundaries.  The  [1 00]- 
oriented  penetrator  had  a  disorderly,  tangled  array  of  dislocations.  The  [1 1 1  j-oriented 
penetrator  had  an  orderly  array  of  dislocations,  and  the  [110]-oriented  penetrator  was  in 
between  the  two  extremes.  The  dislocation  networks  at  the  subgrain  boundaries  are 
indicative  of  their  different  dislocation  generation  mechanisms  (and  thus  deformation 
mechanism).  Even  though  most  of  the  dislocations  identified  had  large  screw  components 
and  Burgers  vectors  of  1/2  <11 1>,  their  general  morphology  (i.e  ,  their  straight,  curved,  or 
wavey  appearance)  indicates  how  they  were  formed.  For  example,  in  thu  [110]  penetrator, 
straight  screw  dislocations  were  identified  as  having  pure  edge  dislocations  at  their  ends.  An 
edge  dislocation,  when  passing  through  a  crystal,  will  leave  behind  a  straight,  screw 
dislocation.  When  screw  dislocations  or  mixed  dislocations  with  a  large  screw  component 
pass  through  a  crystal,  they  tend  to  produce  bowed  or  wavey  fronts  which  were  seen  with  the 
[100]  and  [111]  penetrators. 

4.2  General  Microscopic  Deformation.  When  considering  deformation  by  slip  on  specific 
planes  the  critical  resolved  shear  stress  (CRSS)  must  be  considered.  Table  7  shows  the 
CRSS  for  slip  of  dislocations  having  b  =  1/2  <1 1 1  >  on  {110}  and  {1 12}  slip  planes  at  the 
penetrator  orientations  of  [100],  [110],  and  [111].  It  can  be  seen  that  the  [100]  orientation  has 
four  symmetrical  slip  directions,  45°  apart  (also  see  the  [100]  stereographic  projection, 

Figure  4a),  operative  with  four  {110}  and  two  {1 12}  slip  planes  which  have  a  reasonably  large 
CRSS  of  0.41  to  0.47,  respectively.  The  dislocations  on  these  planes  have  .  large  screw 
component.  The  stress  on  a  pure  screw  dislocation  at  the  [100]  orientation  would  be  cos 
54.7°  =  0.58.  Thus,  the  [100]  orientation  has  many  dislocation  systems  which  are  favorable 
for  deformation  and  which  all  have  a  large  screw  component.  They  would  produce  a  dense, 
tangled  array  of  wavey  dislocations  which  is  consistent  with  the  results. 
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Table  7.  Critical  Resolved  Shear  Stress  Factors  on  Slip  Planes  for  Various  Orientation  Penetrators 


for  each  slip  direction. 


In  Table  7,  it  can  be  seen  that  the  [111]  orientation  has  three  symmetrical  slip  directions, 
60°  apart  (also  see  Figure  10a),  operative  with  four  {110}  and  two  {112}  slip  planes  which  do 
not  have  very  large  CRSS  values  of  0.27  and  0.3,  respectively.  The  stress  on  the  pure  screw 
dislocations  at  these  [111]  orientations  would  not  be  much  larger  than  these  CRSS  values 
(i.e.,  cos  70.5°  =  0.33).  However,  the  stress  component  for  the  screw  dislocation  which  is 
normal  to  the  penetrator  orientation  is  cos  0°  =  1.  Thus,  the  [111]  orientation  does  not  have 
any  favorable  slip  system  for  deformation  but  does  have  a  highly  favorable  orientation  for  the 
formation  of  one  type  of  screw  dislocation.  Deformation  by  only  one  screw  dislocation  system 
is  unlikely  since  the  resultant  rotation  of  the  crystal  is  perpendicular  to  the  line  direction,  u, 
which  produces  a  nonconservative  motion  of  the  crystal  (i.e.,  the  crystal  would  have  to  form  a 
free  surface  or  crack  in  order  to  rotate).  The  stress  induced  by  this  nonconsen'ative  motion 
invokes  one  or  more  screw  dislocations  which  are  at  or  nearly  perpendicular  to  this  screw 
dislocation  system.  This  is  illustrated  in  Figure  11.  This  mechanism  of  deformation  has 
evidently  occurred  in  the  [111]-oriented  penetrator  and  is  entirely  consistent  with  the  results. 

In  Table  7  it  can  be  seen  that  the  [110]  orientation  has  only  two  slip  directions  (also  see 
Figure  7a),  operative  with  four  {110}  and  two  {112}  slip  planes  which  have  fairly  large  CRSS 
values  of  0.41  and  0.47,  respectively.  The  stress  on  the  pure  screw  dislocations  at  these 
[111]  orientations  would  be  much  larger  (i.e.,  cos  35.3°  =  0.82).  However,  screw  dislocations 
may  not  dominate  the  deformation  of  the  [110]  penetrator  like  the  [1 1 1]-oriented  crystal  for  two 
reasons— namely,  the  stress  components  in  the  [111]  directions  are  less,  0.82  <  1,  and  the 
stress  which  is  necessary  for  dislocation  motion  (i.e.,  the  peierls  stress)  is  less  for  slip  than  for 
motion  of  screw  dislocations  in  b.c.c.  materials  (Cottrel  1953).  It  is  apparent  from  the  analysis 
of  the  [1 10]-oriented  penetrator  that  slip  by  pure  edge  dislocations  is  operative.  As  well,  it  is 
apparent  from  viewing  the  P  10]-oriented  penetrator  (Figure  12b)  that  the  penetrator  has 
reoriented,  and  active  slip  on  the  [1  TO]  plane  has  occurred.  The  reorientation  has  occurred 
because  of  the  imbalance  in  stress  relief  caused  by  two  slip  directions  being  inoperative  and 
probably  due  to  the  high  stresses  and  temperatures  invoked  during  penetration.  Slip  on  the 
[1 1 0]  by  either  [111]  or  [1  IT]  slip  direction  produces  pure  edge  dislocations.  This  analysis  is 
entirely  consistent  with  the  results  of  the  [1 1 0]  penetrator.  However,  the  [1 1 0]  penetrator  also 
appears  (Figure  12b)  to  have  [1 1 1]-type  deformation  where  it  has  skewed  ~35°  from  the  [110] 
axis  (i.e.,  deformation  by  screw  dislocations  dominate).  This  type  of  deformation  was  not 
seen  by  TEM  and  should  be  investigated. 
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In  the  three  types  of  penetrators  (i.e.,  the  single  crystals  of  [100],  [110],  and  [1 11]), 
dislocations  were  found  with  Burgers  vectors  of  1/2  <1 1 1>.  No  other  type  of  defect  such  as 
dislocations  having  b  =  [100]  or  b  =  [220],  twins,  or  stacking  faults  which  could  produce 
deformation  was  founa.  Even  though  these  defects  were  not  found,  deformation  by  crack 
nucleation  and  growth  is  expected  to  occur  by  the  reaction, 

a/2  [111]  +  a/2  [ITT]  a  [100],  (1) 

since  cracks  on  the  {100}  are  clearly  evident  in  the  residual  penetrator  material  as  shown  in 
Figures  12a-12c.  The  [100]-  and  [111]-oriented  penetrators  are  capable  of  forming  these 
dislocations  with  Burgers  vectors  perpendicular  to  the  tensile  axis  and  thus  forming  cracks  via 
Cottrell’s  mechanism  (Figure  13).  However,  the  [1 1 0]-oriented  penetrator  does  not  have  a 
perpendicular  set  of  {100};  although  these  dislocations  could  form,  they  may  nucleate  fracture 
by  forcing  <1 1 1>,  <100>,  or  <220>  dislocations  of  like  sign  together  to  nucleate  a  crack 
(Figure  14). 

4.3  Recrvstallization.  Recrystallization  of  the  grains  removed  the  dense  dislocation 
networks  and  was  seen  in  material  which  was  on  the  order  of  hundreds  of  micrometers  from 
regions  which  appeared  to  have  freshly  deformed.  The  regions  which  are  deforming  at  or 
near  the  penetrator/RHA  interface  are  at  a  relatively  high  temperature  (initial  results  show 
melted  Fe  in  the  cracks  of  the  penetrator),  and  there  is  sufficient  energy  to  undergo 
recrystallization.  It  is  likely  that  recrystallization  of  a  given  piece  of  deforming  material  occurs 
several  times  during  its  course  of  flow  from  the  head  of  the  penetrator  to  the  side  wall  of  the 
cavity.  The  crystallographic  relationship  between  the  penetrator  axis  and  material  which  has 
flowed  to  the  cavity  walls  should  be  significantly  destroyed  by  recrystallization. 

4.4  Macrodeformation  of  Penetrators  and  Mass  Flow.  The  dependence  of  the 
penetrators’  deformation  on  crystallographic  orientation  is  clearly  shown  in  Figures  12a-12c. 
The  [1 00]-oriented  penetrator  deforms  symmetrically  on  many  different  <111  >{110}  and 
<111  >[1 1 2]  systems,  and  many  cracks  on  the  {100}  planes  which  are  perpendicular  to  the 
penetrators’  axis  are  visible.  Once  the  [100]  penetrator  material  flows  around  the  penetrators’ 
head  to  an  angle  of  ~55°,  deformation  by  <1 1 1>  screw  dislocations  (which  is  the  same 
deformation  mechanism  as  the  [111]  penetrator)  begins  to  occur,  and  these  flow  lines  are 
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Formation  of  Slip  Lines  Which  Are  Similar  to  Those  Seen  in  the  fl  1 11 
Penetrator  (Figure  12c)  at  Around  55°  to  the  Penetration  Axis.  See  Text. 
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Figure  13. 


(A) 


Cottrell’s  Dislocation  Intersection  Mechanism  to  Explain  {100)  Crack  Nuclei  in 
b.c.c.  Crystals  Where  al  Shows  Two  Dislocations  Combining  to  Form  a  Crack 
Dislocation,  b)  the  Additions  of  the  Burners  Vectors,  and  cl  the  Orientation  of 
the  Crack. 
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(A) 


(Bi 


Figure  14.  The  Forcino  Together  of  Edoe-Type  Dislocations  of  the  Same  Sign  to  Produce 
a  Crack  Nuclei. 

clearly  present  in  Figure  12a.  The  [110]-oriented  penetrator  which  does  not  have  symmetrical 
deformation  in  all  directions,  skews  to  one  side  where  slip  on  the  (110),  which  is  parallel  to  the 
[110],  can  be  clearly  seen  to  occur  (Figure  12b).  Cracks  in  the  [110]  penetrator  are  not  on 
any  clearly  defined  {100}  plane.  The  [111]  penetrator,  which  has  symmetrical  deformation, 
clearly  shows  flow  of  material  to  the  sides  of  the  penetrator  head.  Flow  lines  closer  to  the  tip 
of  the  penetrator/RHA  interface  would  be  at  a  high  temperature  and  would  be  expected  to  be 
deformed  (reoriented)  greater  than  that  material  below  it  (i.e.,  the  material  closer  to  the 
residual  penetrator).  This  deformation  difference  results  in  the  formation  of  flow  lines  during 
etching.  The  flow  of  material  at  the  top  of  the  penetrator  is  away  from  the  penetrators’  axis, 
which  is  consistent  with  the  formation  of  screw  dislocations  having  b  in  the  axis  of  the 
penetrator  and  one  or  more  screw  dislocations  with  b  perpendicular  to  the  penetrators’  axis. 
The  formation  of  cracks  appears  to  be  on  the  {100}  planes  located  ~55°  to  the  axis  of  the 
penetrator. 

The  general  deformation  mechanism  and,  thus,  mass  transfer  from  the  penetrator  to  the 
walls  of  the  cavity  are  given  by  the  following  description.  The  dislocations  polyganized  the 
single-crystal  penetrators  by  forming  grain  boundaries.  The  dislocations  thread  their  way 
through  the  crystal  and  formed  dense  arrays  or  subgrain  boundaries,  and,  eventually,  they 
formed  elongated  grains  with  a  high  density  of  dislocations  within  the  grains.  The  flow  of 
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dislocations  along  these  subgrain  and  grain  boundaries  produce  a  mass  transfer  in  a  direction 
within  the  plane  of  the  boundary.  The  mass  transfer  along  the  subgrain  boundaries  reorients 
the  grains  to  form  well-defined  grains  and  boundaries.  Further  mass  transfer  along  the  grain 
boundaries  results  in  the  grains  becoming  elongated  in  the  direction  of  mass  flow,  similar  to 
that  of  rolled  or  forged  material. 

4.5  Ability  of  Penetrator  to  Penetrate  RHA  Shielding  Material.  The  [100]- and  [111]- 
oriented  penetrators  both  produce  relatively  deep  penetrations  into  RHA  (Bruchey,  Horwath, 
and  Kingman  1991)  with  the  [100]  orientation  being  slightly  better  than  the  [111]  orientation. 
Both  of  these  directions  have  symmetrical  deformation  systems  which  provide  an  even  mass 
transfer  to  the  wall  of  the  cavity.  The  difference  lies  in  the  [100]  producing  dislocations  on  slip 
planes  and  the  [111]  producing  pure  screw  dislocations  which  don’t  have  a  slip  or  glide  plane. 
Thus,  the  [100]  orientation  can  work  harden  better  than  the  [111]  direction  because  its 
dislocations  can  react,  impinge,  or  form  barriers  (i.e.,  become  entangled)  on  slip  planes, 
whereas  the  screw  dislocations  in  the  [1 1 1]-oriented  penetrator  are  lines  b  =  u  and  thus  have 
a  reduced  strain  field  which  reduces  their  interaction. 

The  [1 10]-oriented  penetrator  does  not  have  symmetrical  deformation,  which  results  in  the 
penetrator  becoming  skewed  in  its  track.  Because  skewing  of  the  penetrator  increases  the 
area  along  the  penetration  axis,  mushrooming  of  the  head  occurs  (i.e.,  the  diameter  of  the 
cavity  hole  increases,  which  decreases  its  total  penetration  depth.  As  well,  because  the  [110]- 
oriented  penetrator  does  not  have  symmetrical  deformation  in  all  directions  and  slip  on  the 
[1 1 0]  (as  well  as,  possibly,  deformation  by  screw  dislocations  which  twist  the  penetrators’ 
head  around  to  the  [111][lT0])  mass  transfer  for  the  [110]  penetrator  occurs  somewhat  easier 
than  the  [100]-  and  [1 1 1]-oriented  penetrators  (i.e.,  the  [110]  penetrator  has  only  a  few  active 
slip  systems  operative  and  thus  does  not  work  harden  as  much  as  the  [100]  and  [1 1 1] 
penetrators).  The  dislocations  flowing  along  the  (1T0)  experience  very  little  resistance  to  glide 
since  there  would  not  be  as  many  dislocations  (relatively)  on  active  slip  planes  which  would 
try  to  pass  through  the  (1T0)  plane. 
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